The local abundance of male spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae), was evaluated in the province of Quebec at 112 locations between 2002-2012 using pheromone-baited traps deployed on lower branches near the ground level (GL) or in the tree canopy (TC; three traps at GL and TC for each location); in addition, the presence of second instars (L2) was assessed at each location on three balsam fir branches. Numbers of moths captured at GL and TC were highly correlated, and the regression parameters did not vary between years. Consequently, estimates of L2 based on pheromone trap catches are precise independent of trap location, and deploying traps at ground level (rather than in the tree canopy) does not come with a loss of accuracy in L2 assessments. Relationships between moths (x) and L2 (y) exhibited strong nonlinearity and were most adequately described by exponential functions of the form: ln (y þ 1) ¼ [ß 0 þ ß1 Â k ln (x) ]. A conservative threshold of 100 males per trap at GL (corresponding to one L2 per branch) may be used to guide forest managers in the transition from endemic to epidemic populations. Relationships between L2 and moths are likely influenced by the number of traps per site; hence, the tentative threshold above is only valid for jurisdictions relying on three traps per site. Considering the economic importance and rising populations of spruce budworm, rigorous quality control programs must be implemented promptly to ensure a steady supply of standardized pheromone lures across years.
The spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae), is the most severe pest of balsam fir and spruce trees in eastern Canada (Morris 1963) . Damage inflicted by defoliating larvae is associated with reductions in timber volume increment and severe tree mortality, even decades after the outbreak has subsided (Taylor and MacLean 2009) . The population dynamics of spruce budworm exhibit strong oscillations of numerical abundance from very low densities (endemic populations that possibly go extinct locally; Stedinger 1984 , Régnière et al. 2013 to severe outbreaks that are synchronous in space and time (Blais 1953 , Royama 1984 , Williams and Liebhold 2000 , with a periodicity between outbreaks of 30-50 yr dating back 450 yr (Boulanger and Arsenault 2004) . Factors responsible for the transition from endemic to epidemic populations are not well understood, and short-term forecasting of defoliation levels is challenging (Régnière and You 1991) .
Aerial applications of the microbial insecticide, Bacillus thuringiensis kurstaki (Btk), are used to mitigate the negative impact of defoliation on tree growth by reducing the numbers of feeding spruce budworm larvae (foliage protection strategy; MacLean et al. 2001 , Fournier et al. 2009 ). An alternative, proactive approach that is currently being investigated involves the prevention of large-scale outbreaks through suppression of localized infestations early in the outbreak cycle (treatment of "hotspots" with Btk) to prevent emigration of females and limit the spread of outbreak conditions (early intervention strategy, or EIS; Régnière et al. 2001 ). The density of overwintering larvae (second instars, or L2) that encompass the transition from light to severe spruce budworm infestation corresponds to about three to six individuals per branch (Dimond and Trial 1988; Lyons et al. 2000 Lyons et al. , 2002 , and this range of value can be used to approximate thresholds of L2 for EIS.
Female spruce budworm release a sex pheromone, 95:5 E:Z-11 tetradecenal (Silk et al. 1980, Silk and Kuenen 1988 ) that has been used in monitoring programs to forecast the abundance of L2 (Lyons et al. 2002) . However, the moth-L2 functions obtained in different studies (Houseweart et al. 1981 , Ramaswamy et al. 1983 , Allen et al. 1986 , Sanders 1988 ) must be interpreted with caution V C Crown copyright 2015.
because they were based on low sample sizes, collected over a limited range of population densities, and used different pheromone lures than those currently available commercially.
The most extensive and consistent time series of moth-larval densities has been collected in the province of Quebec (QC; Lyons et al. 2002) . Until recently, traps in QC were deployed in the upper tree canopy. Between 2010 and 2013, the position of traps was progressively changed to lower branches of trees (about 2 m above ground) to facilitate the deployment and recovery of traps. Pheromone monitoring in other Canadian and U.S. jurisdictions has traditionally relied on traps deployed on lower branches. Standardized procedures are critical to develop sound pheromonebased monitoring. The vertical position of traps, in particular, influences captures of males (Miller and McDougall 1973 , Kipp et al. 1995 , Rhainds 2013 , thus affecting estimates of L2 to some (unknown) degree. We report an extensive data set comparing captures of males at pheromone-baited traps deployed both on lower branches at ground level (GL) and in the upper tree canopy (TC), with two objectives: 1) evaluate the accuracy of L2 assessments relative to the position of traps; and 2) derive pheromone-based thresholds to guide the EIS decision-making process.
Materials and Methods
The study was part of an ongoing province-wide survey conducted in QC to monitor the local abundance of spruce budworm. The survey included several hundred sites each year, consisting of forest stands with preferred hosts of spruce budworm (predominantly balsam fir) as dominant or codominant tree species. We analyze a subset of 112 sites ( Fig. 1 ) sampled between 2002 and 2012, for which pheromone traps were deployed both on lower branches at ground level and in the upper tree canopy (GL and TC; three traps for each location at all sites). Biolure (2.8 mg load of pheromone released from a permeable membrane; Suterra Inc., Bend, OR) was used as a pheromone source between 2002 and 2010, but it became unavailable thereafter. Another commercial lure, Flexlure (3.3 mg load of pheromone released from small PVC cylinders; Contech Enterprises Inc., Victoria, British Colombia), has since been used. The shift in lures may have influenced the data in unforeseeable ways because the response of males to Biolure and Flexlure has not been compared directly; the data are therefore analyzed separately for the two lures (before and after 2010).
Of the 112 experimental sites, 36 (32.1%) were sampled each year, 27 (24.1%) were sampled for 9 or 10 yr, 23 (20.5%) for 4 to 8 yr, and 26 (23.2%) for 3 yr or less. The number of sites for different years was as follows: 88 in 2002, 88 in 2003, 86 in 2004, 73 in 2005, 83 in 2006, 84 in 2007, 74 in 2008, 74 in 2009, 67 in 2010, 66 in 2011, and 68 in 2012. Nonsaturating Multi-Pher traps (Distributions Solida Inc, Saint-Ferréol-les-Neiges, Quebec; Jobin and Coulombe 1988) baited with spruce budworm pheromone were used to capture males. Traps were deployed on different trees $40 m apart and >50 m from the road; the distance of 40 m between traps was selected to reduce interference between pheromone sources (Houseweart et al. 1981) . Traps were set up in early summer and collected in the fall to determine the number of moths. A strip of insecticide (Vaportape II, Hercon Environmental, Emigsville, PA) was placed at the bottom of the traps to kill captured moths.
Sampling for L2 was conducted in the fall on three balsam firs located in the vicinity (10-20 m) of "pheromone trap trees." For each tree, one branch in the upper canopy was cut with a pole pruner, and 75-cm branch sections were placed in plastic bags labeled by location. The samples were kept in a walk-in refrigerator at 2-4 C before being processed in the laboratory.
The branches were cut into small sections, kept overnight to thaw, and transferred in 10-liter buckets with hot (50 C) water with 1.5% sodium hydroxide (one branch per four to five buckets) that were placed on a vibrating table for 2 h. The content of the buckets was then rinsed twice and filtered through sieves, after which the larvae and debris lying on the fine mesh sieve were rinsed and decanted into a separating funnel. The L2 were separated from debris using heptane: because of its low mass, heptane floats on top of the water, whereas the debris falls to the bottom. The heptane supernatant and clean water below were collected by vacuum suction, and the L2 at the bottom the jars collected on a filter paper that was colored with methylene blue to facilitate the separation of L2 and branch debris.
Analyses were conducted with the SAS statistical package (SAS Institute, Cary, NC). The experimental unit of observation was defined as an estimate of budworm density (GL, TC, or L2) at a given location and year (N ¼ 717 and 134 observations in total for Biolure and Flexlure, respectively). Data were subjected to natural logarithmic transformations to reduce heterogeneity of variance [ln (males), ln (L2 þ 1)].
The relationship between captures of moths at TC and GL in relation to year was evaluated using ANCOVA; GL was set as the dependent variable because it has become the de facto position for pheromone traps in all Canadian and U.S. jurisdictions. Separate analyses were conducted for the two commercial lures under study.
Relationships between numbers of moths at pheromone traps [ln (x)] and L2 per branch [ln (L2 þ 1)] were strongly nonlinear. It was determined (after countless hours of iteration) that the best fits to observed data were exponential functions:
. Different values of k (using 0.05 increments) were computed for different models (one model for each lure and trap position), and the exponential functions reported herein exhibited the highest coefficient of correlation to the fourth decimal. The exponential functions were first solved by pooling data across years, then applying the equations to separate years to test for significance. Pheromonebased thresholds (M: number of males corresponding to a given density of L2) were calculated to the nearest multiple of five for densities of L2 ranging from one to six individuals per 75-cm branch section:
Results
Numbers of moths captured at GL and TC were positively related each year (P < 0.0001; Fig. 2) , an effect that was highly significant overall for both Biolure (F ¼ 2,157.31; df ¼ 1, 699; P < 0.0001) and Flexlure (F ¼ 226.19; df ¼ 1, 130; P < 0.0001). The relationships between GL and TC did not vary as a function of year (Biolure:
Equations to convert values of TC into values of GL were as follows: for Biolure, GL ¼ 1.127 TC À 1.786, r 2 ¼ 0.782, P < 0.0001, N ¼ 717; for Flexlure, GL ¼ 0.915 TC À 0.980, r 2 ¼ 0.669, P < 0.0001, N ¼ 134.
The relationships between numbers of males and L2 (x and y, both expressed as natural logarithms) exhibited strong nonlinearity (Fig. 3) , and the best "fits" were exponential functions of the form y $ k x (Table 1) . Values of k associated to the highest r 2 values (using data pooled across years) corresponded to 1.95 for Biolure-GL, Fig. 1 . Geographic location of 112 experimental sites in Quebec where spruce budworm populations were sampled between 2002 and 2010 as adult males (pheromone-baited traps deployed at ground level and in the tree canopy) and overwintering larvae (L2, collected on 75-cm branch sections of balsam fir). The color coding for each site refers to the peak density of budworms.
2.05 for Biolure-TC, 1.80 for Flexlure-GL, and 2.15 for Flexlure-TC (Table 1) . With these values of k, exponential functions were significant for all years, commercial lures, and trap positions (P < 0.05) and highly significant (P < 0.0001) for 18 of 22 (81.8%) models (Table 1) .
Exponential functions (Table 1 ; Fig. 3 ) were used to estimate pheromone-based thresholds (number of males per trap corresponding to a given density of L2). Thresholds derived for TC were about two times higher for GL (Table 2) , which is due to the consistently higher captures of males at TC (Fig. 2) . Because pheromone-baited traps are now deployed at ground level for all U.S. and Canadian jurisdictions, thresholds derived for TC are included in Table 2 for illustrative purposes only. For traps deployed on tree branches in the lower canopy (GL), thresholds corresponding to different densities of L2 were similar for the two commercial lures under study ( Table 2 ). The following thresholds are proposed for sites with three traps deployed at GL: 1 L2 $ 100 # per trap; 2 L2 $ 200 # per trap; 3 L2 $ 285 # per trap; 4 L2 $ 375 # per trap; 5 L2 $ 435 # per trap; and 6 L2 $ 500 # per trap.
Discussion
As previously reported (Miller and McDougall 1973 , Kipp et al. 1995 , Rhainds 2013 , captures of male spruce budworm at pheromone-baited traps were consistently higher for TC than GL (Fig. 2) , which may be due either to enhanced dissemination of the pheromone with increased height, or to males predominantly foraging for mates in the upper canopy of trees. Captures at TC and GL were significantly correlated, and the regressions were consistent from year to year (Fig. 2) . Consequently, relationships between numbers of moths and L2 were significant for all trap positions, although the functions (and derived thresholds) differed due to the higher abundance of males at TC than GL (Tables 1 and 2) . Deploying traps in lower branches of trees (rather than in the tree canopy) may thus reduce monitoring effort, with limited to no cost in terms of sampling accuracy.
Sex pheromones have become an integral part of pest management programs for many moth species to either monitor insect abundance or reduce population levels by interfering with 
Lure
Position k Year ß 0 ß 1 r 2 female mating success (via mass trapping of males or pheromonebased mating disruption; McNeil 1991 , Witzgall et al. 2010 ). The literature on pheromone-based mass trapping and mating disruption has been thoroughly reviewed with regard to various ecological-economic contexts (Cardé and Minks 1995 , El-Sayed et al. 2006 , Rhainds et al. 2012 , Miller and Gut 2015 . In contrast, no attempt has been made to consolidate the literature on pheromone-based monitoring. Nonlinear relationships between densities of moths and larvae have been reported (Riedl and Croft 1974, Jones et al. 2009 ), but in the absence of a framework linking the "efficacy" of pheromone-based monitoring relative to a species' mating system, it is difficult to predict a priori or conceptualize the family of mathematical functions that describe relationships between numbers of moths (x) and larvae (y). In the case of spruce budworm, exponential functions of the form ln (y) $ k ln (x) were found to be most adequate in fitting the observed data for both TC and GL (Table 1 ; Fig. 4) ; these functions, as well as the pheromone-based thresholds derived from them, appeared robust across years for the two lures tested in the study (Table 2 ; Fig. 3 ). Pheromone-based thresholds for different densities of L2, as listed in Table 2 , are hard to contextualize in the absence of a formal threshold of L2 for EIS. A conservative approach may be to use the threshold of one L2 per branch (100 # per trap at GL) to make the decision to treat (or not to treat) the area in question, or to increase the number of branches sampled (to improve the accuracy of L2 assessments). Because the average number of males captured in pheromone-baited traps decreases with the number of traps deployed at a given location (Houseweart et al. 1981) , it must be emphasized that the values in Table 2 may be valid only for locations with three traps, which would currently exclude jurisdictions where only one trap is deployed per site.
The availability of standardized pheromone lures from year to year is critical to the long-term development of sound pheromonebased monitoring of spruce budworm. Even though chemical attributes of lures have not been rigorously assessed for different years, similar relationships between densities of moths and L2 and moths across years between 2000 and 2010 (Tables 1 and 2) suggest that the performance of Biolure did not vary greatly during this interval. The unexpected discontinuation of Biolure in 2010 and its replacement by Flexlure in 2010 have created a rupture in the time series of moth abundance before and after 2010 because the performance of the two lures has not been directly compared; the pre-2010 data in QC are still of primary interest because they encompass the onset of what has become a major outbreak (Bouchard and Auger 2014 ) that now threatens New Brunswick (Johns and Pureswaran 2013). Fig. 3 . Relationships between numbers of male spruce budworm captured at pheromone traps deployed in the tree canopy (TC) and on lower branches at ground level (GL) versus densities of overwintering larvae (L2) for two commercial lures. The equations were solved using exponential functions of the form ln Table 1) ; parameters of these equations are reported for different years, commercial lures, and trap position in Table 2 . For all graphs, the insert plots represent the relationships for different years. The thresholds were approximated (to the nearest multiple of 5) using the exponential functions summarized in Table 1. The recent bankruptcy of Contech Enterprises Inc., the company that commercialized Flexlure since 2010, may further "disrupt" pheromone-based monitoring of spruce budworm because it remains unclear whether Flexlure will be available in future years. In the last two years, fortunately, forest managers in many jurisdictions have compared the performance of Flexlure versus other lures that have become commercially available, which should facilitate the eventual transition from one lure to another. Considering the expected rise of spruce budworm populations in the short-term future (Johns and Pureswaran 2013) , it has become imperative to implement quality control programs to compare the release rates and chemical compositions of different commercial lures on a year-toyear basis.
In conclusion, captures of male spruce budworm at pheromone traps deployed in the tree canopy or at ground level are highly correlated; thus, estimates of L2 are precise independent of trap location, and deploying traps at ground level (rather than in the tree canopy) does not come with a loss of accuracy in L2 assessments. Historically, the most extensive data related to spruce budworm abundance have been collected in QC from the onset of what has become a widespread outbreak (1992 to present). This wealth of data will be used in future studies to develop a Bayesian software program to infer the local abundance of spruce budworm based on multiyear estimates of L2 and moth abundance. Considering the economic importance and rising populations of spruce budworm, quality control programs must be implemented to ensure a steady supply of standardized pheromone lures across years.
